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Abstract—Motion analysis of a parallel robot assisted 
minimally invasive surgery/microsurgery system (PRAMiSS) and 
the control structures enabling it to achieve milli/micro-
manipulations under the constraint of moving through a fixed 
penetration point or so-called remote centre-of-motion (RCM) are 
presented in this article. Two control algorithms are proposed 
suitable for minimally invasive surgery (MIS) with submillimeter 
accuracy and for minimally invasive micro-surgery (MIMS) with 
submicrometer accuracy. The RCM constraint is performed 
without having any mechanical constraint. Control algorithms 
also apply orientation constraint preventing the tip to orient 
relative to the soft tissues due to the robot movements. 
Experiments were conducted to verify accuracy and effectiveness 
of the proposed control algorithms for MIS and MIMS operations. 
The experimental results demonstrate accuracy and performance 
of the proposed position control algorithms. 
 Keywords—Motion Control, Parallel Robot, Remote Centre-
of-Motion (RCM), Minimally Invasive Surgery (MIS), Minimally 
Invasive Micro-Surgery (MIMS) 
1 INTRODUCTION 
Robotic assisted minimally invasive surgery (RAMIS) 
enhanced the capabilities of surgeons by coupling surgeon 
knowledge and robot manipulability. Surgery operations in 
RAMIS approach are performed using an endoscope and 
slender surgical instruments that are held by robot arms, 
inserted into a patient body through small incisions and 
manipulated inside the body. Currently, there is only one 
commercially available and FDA-approved RAMIS system 
called da Vinci  Surgical System that has been used for many 
minimally invasive procedures [1]. Several research efforts 
have been conducted towards the improvement and integration 
of the da Vinci  Surgical System to other surgery tools [2, 3]. 
Minimally invasive microsurgery (MIMS), on the other hand, 
requires surgeon to perform extremely intricate operations with 
micrometre resolution through highly refined microscope using 
miniaturised precision instruments suitable for neuroendoscopy, 
eye surgery, transanal endoscopic microsurgery (TEM) and 
lumbar surgery. Therefore, utilising robotic micromanipulators 
is more vital in the field of microsurgery and especially MIMS 
in order to minimise the tissue damage allowing much smaller 
incision [4, 5]. 
Due to the operations performed through small incisions in 
the patient's body, the robotic system assisting MIS or MIMS 
must restrict the DOFs of the laparoscopic instruments to 
pivotal and translation motions forcing their axes to always 
intersect with the fixed penetration port [6]. This pivoting 
constraint or so-called remote centre-of-motion (RCM) is an 
important task for any RAMIS system. Several methods were 
proposed to generate the RCM in robotic systems including: 
1. Mechanical RCM: The physical structure of the 
manipulator restricts the motion of the instrument about 
the penetration point if the RCM coincides with the entry 
point. There are several mechanisms creating constrained 
RCM including parallelogram mechanism used in  
da Vinci  [1, 7], a compact modular system [8], and a 
mobile RCM robot [9, 10]. This approach is currently 
preferred for clinical RAMIS systems because controller 
faults cannot violate the RCM constraint. However, prior 
to operation, the mechanical RCM must be positioned 
accurately coincident with the incision point in the trocar. 
Since the mechanical RCM is fixed with respect to the 
manipulator, the manipulator base itself must be initially 
adjusted relative to the operating table. This initial 
positioning can be difficult and requires additional DOFs 
for the manipulator base to align the mechanical RCM 
with the penetration point. 
 
2. Passive Joint: A passive joint is employed to make the 
laparoscopic instrument free to pivot in two DOFs. While 
active DOFs manipulate the instrument around the 
patient’s abdomen, the passive DOF allows the instrument 
to self-align with respect to the incision point guaranteeing 
safety even if the patient moves during operation. Zeus 
surgical system has been developed utilising this approach 
[11, 12]. This approach is also considered safe, because the 
RCM constraint will not be violated if a fault occurs in the 
controller. It is worth noting that this method suffers from 
the lack of precision due to backlash that may occur 
between the instrument and the trocar. 
 
3. Programmable RCM: An accurate position or force control 
method is implemented to ensure that the instrument is 
directed through the RCM at all the times. High rigidity 
can be achieved using a general-purpose manipulator 
costing far less than an especially designed mechanism. 
This approach has been used in several RAMIS research 
efforts [13, 14]. Programmable RCM has been used in 
microsurgical systems enabling surgeons to perform 
vitreoretinal surgery and vascular microsurgery in the 
retina with higher precision than traditional manual 
procedure [5, 15]. 
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Fig. 1: PRAMiSS 
Due to the disadvantages and limitations in mechanical 
RCM, the programmable approach is employed in this research. 
Due to the higher bandwidth, higher positioning accuracy, 
lower inertia and compactness of parallel robot manipulators 
[16-18], a micromanipulator with parallel structure (Hexapod) 
has been considered to be more suitable for MIS and especially 
for MIMS rather than a serial manipulator (Figure 1) [18, 19]. 
Several researches have also been conducted toward utilisation 
of the parallel robots in surgery operations including 
laparoscopic surgery [20], bone surgery [21]. The focus of this 
article is on the control algorithms of the 10-DOF robotic 
assistant surgery/microsurgery system (PRAMiSS) (Figure 1) 
programmatically generating the RCM suitable for both MIS 
and MIMS. The remainder of the paper is organised into four 
sections. In the next section, the kinematic description of the 
PRAMiSS is presented. In section 3, the position control 
algorithms for both MIS and MIMS are described. 
Experimental results for both MIS and MIMS are demonstrated 
in section 4. Concluding remarks are provided in Section 5. 
2 KINEMATICS DESCRIPTION 
The parallel robot assisted surgery/microsurgery system 
(PRAMiSS) proposed in this paper consists of a 6-RRCRR 
parallel micromanipulator and a linear guide (monocarrier) 
carrying an actuated 2-DOF laparoscopic instrument. A closed 
chain RPRR mechanism is employed to attach the monocarrier 
to the manipulator. The last revolute joint of this mechanism is 
actuated (R) to change the angular position of the monocarrier. 
The actuated monocarrier makes it possible to insert or 
withdraw the instrument linearly in the direction that it points. 
Two actuators at the end of the instrument enable it to non-
invasively rotate around its axis and actuate end-effector. The 
RPRR mechanism is fixed to the moving platform ( ) of the 
parallel micromanipulator. The moving platform is connected 
to the base ( ) by six extensible RRCRR legs that enable it to 
move in both translation and rotation manipulations in six 
DOFs. The schematic description of the PRAMiSS is shown 
and its components are annotated in Figure 2. The actuator 
lengths of the parallel robot are denoted by 
 
  
            . The angular displacement of the 
monocarrier is defined by  
 
 and the translational 
displacement of the slider of the monocarrier is marked by  
 
.  
 
Fig. 2: Schematic description of PRAMiSS 
3 POSITION CONTROL 
In MIS procedures, the laparoscopic instrument inserted 
into the patient body through the incision cannot have lateral 
translations with respect to the entry point and it must only 
pivot about the incision point. Positioning the tip of the 
instrument along the surface of the penetration point is 
accomplished by varying the angular position and insertion 
distance of the instrument within the incision. This constrained 
motion requires two rotational DOFs for pivoting the 
instrument and one translational DOF for moving the 
instrument through the incision point as illustrated in Figure 2. 
In MIS technique, position of the origin of the fixed frame   
(Figure 2) representing the penetration point is specified by the 
surgeon. Surgeon also defines the tip position inside the body 
during the surgery. Therefore, the position of the tip centre 
point   (the effective point of the tool tip) and consequently the 
position of the origin of the moving frame   (Figure 2) are 
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known. Given the locations of the origins of frames   and  , 
variables  
 
,  
 
, the pose of the mobile platform in the global 
frame   (             ), and finally the actuator lengths 
 
  
 that are the inverse kinematics solution for the calculated 
platform pose, need to be calculated. 
Location of point   is calculated using the mapping matrix 
from the frame   to the frame  (   
 ) and            
  
where    is the distance of the tip centre point from the origin 
of the frame  . Comparing the given and the calculated 
positions of point   leads to the derivation of the position of 
the mobile platform (       ) as functions of parameters  , 
 ,  ,  
 
 and  
 
 that are still unknown. Further to the 
penetration constraint, there is another constraint that is the 
rotation of the tool tip inside the body due to the motion of the 
robot during the manipulation needs to be zero. Of course the 
angular position of the tip can be adjusted directly by the 
surgeon through the DOF especially actuated for this purpose. 
This constraint leads to the fact that the Euler angles of the 
frame   with respect to the frame   are     
 
  
 
  . Taking 
this constraint into account, the transformation matrix from 
frame   to frame   is again derived but this time through the 
penetration point fixed at the trocar (   
   ). 
Comparing the corresponding elements of   
    and   
  
and considering the constraint of the fixed penetration point 
results in deriving the orientation of the mobile platform as: 
    (1) 
 
   
 
                         
    
 
  
 
    
(2
) 
 
          
 
  
 
           
(3) 
The variables  
 
 and  
 
 are still unknown and should be 
determined. PRAMiSS has ten DOFs in total including six 
DOFs of the 6-RRCRR micropositioning parallel robot 
(  
  
  
  
  ), two DOFs for the tilt of the monocarrier and 
translation of the instrument (  
 
  
 
  ) and two DOFs for 
the rotation of the instrument around its axis and pivotal 
motion of the tip jaws. If during the manipulation,  
 
 and  
 
 
are not actuated, the accuracy of the operation manoeuvres 
would be in micron range that is suitable for microsurgery 
operation or particularly MIMS, e.g. neuroendoscopy, and eye 
surgery. On the other hand, if the surgery needs relatively large 
workspace that is the case for open surgeries and particularly 
MIS, then  
 
 and  
 
 are involved in the manipulation making 
the PRAMiSS suitable for the MIS or any other robotic assisted 
surgical procedure. Therefore, two different control algorithms 
should be established and implemented for MIS and MIMS 
guaranteeing the restricted RCM manipulation. 
3.1 MIMS Control Architecture 
For the manipulation suitable for the microsurgery,  
 
 and 
 
 
 are specified, initially adjusted and kept fixed during the 
manipulation. In order to manipulate the 6-RRCRR parallel 
micromanipulator, the actuator lengths (  
  
  
  
  ) should 
be calculated or, in other words, the inverse kinematics of this 
special parallel robot with offset universal joints needs to be 
solved. The inverse kinematics solution of RRCRR parallel 
robots compared with that of parallel robots with orthogonal 
intersecting RR-joints or universal joints configurations is 
more complex due to the existence of RR-joints variables. A 
new methodology has been established to define 6 independent 
variables of the actuators and 12 dependent RR-joint variables 
of this special family of micromanipulators [18]. Figure 3 
describes the overall structure of the RCM control of 
PRAMiSS suitable for MIMS that includes inverse kinematics 
model (IKM) of this parallel micropositioning robot as well. In 
this control algorithm for MIMS manipulation, the mobile 
platform of the parallel robot and all parts connected to it act as 
a rigid part with no internal DOF except to the two DOFs of 
the instrument for the tip orientation and grasping. 
 
Fig. 3: Overall structure of the RCM control for MIMS operations 
3.2 MIS Control Architecture 
For the manipulation suitable for general surgeries, i.e. 
open surgery, and MIS, with accuracy in millimetre range and 
relatively large motions of the mobile platform,  
 
 and  
 
 are 
involved and actuated during the surgery manoeuvres. For this 
purpose, instead of involving   to satisfy the necessary tilt of 
the instrument,  
 
 with relatively large workspace 
(   
 
 
 
 
      ) is actuated. Of course if the tilt of the 
instrument needs to be larger,   would also be involved. Using 
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Equation (2), the required instrument tilt ( 
  
) is derived as 
follows: 
 
  
                 
        
    
 
  
 
   
 
 
(4) 
 
Considering the  
  
,   can be defined as follows:  
  
 
 
 
 
           
 
 
 
  
 
 
 
   
 
 
  
  
 
 
 
  
   
      
 
 
  
   
  
   
  
 
(5) 
where  
   
 is the maximum possible value of  . 
Considering  
  
 and  ,  
 
 can also be derived as follows:  
 
 
 
 
 
 
 
             
 
 
 
 
   
 
 
  
  
 
 
 
  
   
      
 
 
  
   
  
  
  
 
(6) 
By minimising the movements of the mobile platform,  
 
 
is also determined as follows: 
 
Fig. 4: MIS control structure 
 
 
                      
   
 
                     
 
 
(7) 
where   and   denote     and     functions and 
            are known constants of the geometry of 
PRAMiSS. The control algorithm suitable for MIS operations 
is described in Figure 4. The IKM block of this algorithm is 
identical to the one used in the control algorithm for MIMS 
operations (Figure 3). 
4 MIMS AND MIS EXPERIMENTAL RESULTS 
In order to verify the validity of the proposed position 
control algorithms of the PRAMiSS suitable for MIS and 
MIMS operations, two experiments were carried out. The 
experiment tasks are that the tip centre point   to start tracking 
two    ellipses in    space while the control algorithms are 
programmatically applying the RCM and tip orientation 
constraints for both MIS and MIMS operations as well as 
minimum displacement constraint for MIS operation. The 
initial orientation of the mobile platform frame with respect to 
the fixed base frame is considered to be zero. 
In the first tracking experiment the DOFs of the RPRR 
mechanism were initially adjusted ( 
 
 and  
 
) and kept fix 
during the experiment. Therefore, the DOFs  
 
 and  
 
 were 
not involved in this experiment that makes the workspace 
relatively small but increases the accuracy to micron range 
appropriate for microsurgery operations. The responses of the 
DOFs  
 
 and  
 
, the mobile platform displacements, the RCM 
constraint errors as well as the tracking errors for the first 
experiment are depicted in Figure 5. The RCM constraint 
errors (Figure 5-c) are the normal distances of the instrument 
axis (Figure 2) from the penetration point during the 
experiment. As Figures 5-a and 5-b indicate, the DOFs  
 
 and 
 
 
 were kept constant at the position that they were initially 
adjusted. So, the tracking manipulation was achieved by just 
using the parallel micromanipulator robot. As it is expected 
from a micromnipulator robot, the RCM constraint errors 
(Figure 5-c) and the tracking errors (Figure 5-d) are both in 
micron range that are desired characteristics for minimally 
invasive microsurgery operations. 
In the second experiment, the DOFs  
 
 and  
 
 were 
initially adjusted and were also involved in the trajectory 
tracking manipulations to enlarge the workspace and make the 
PRAMiSS more suitable for the minimally invasive surgery. 
The responses of the DOFs  
 
 and  
 
, the mobile platform 
displacement, the RCM constraint errors, and the tracking 
errors for the second tracking experiment are presented in 
Figures 6. In this experiment, as it is shown in Figures 6-a, part 
of the tracking trajectory is outside of the workspace of the 
DOF  
 
. According to the MIS control algorithm described in 
Figure 4, if the DOF  
 
 of the RPRR mechanism reaches its 
maximum allowable range, the parallel micromanipulator 
would be more involved in the manipulation to provide even 
larger workspace. 
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Fig. 5: Responses of DOFs  
 
 and  
 
 (a), platform displacements 
(b), RCM constraint errors (c), and tracking errors (d) for the first 
experiment 
The RCM constraint errors for the second experiment 
(Figure 6-c) are less than            at the maximum level 
that is in the appropriate range for the manipulations with 
submillimeter accuracy. During the trajectory tracking of the 
second experiment, as it is shown in Figure 6-a, the DOF  
 
 
reached its maximum allowable displacement at          
and kept fixed at its maximum position (        ) until the 
desired tilt returned inside the workspace at time          .  
 
 
 
 
 
Fig. 6: Responses of DOFs  
 
 and  
 
 (a), the platform 
displacements (b), the RCM constraint errors (c), and tracking errors 
(d) for the second  experiment 
20.00
25.00
30.00
35.00
40.00
45.00
50.00
20
25
30
35
40
45
50
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
M
o
n
o
c
a
rr
ie
r 
ti
lt
 (
q
7
)(
d
e
g
)
M
o
n
o
c
a
rr
ie
r 
d
is
p
la
c
e
m
e
n
t 
(q
8
)(
m
m
) 
Time (s)
aq8
q7
-30
-20
-10
0
10
20
30
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
P
la
tf
o
rm
 P
o
se
 (
m
m
 &
 d
e
g
) 
Time (s)
bXp α
Yp β
Zp γ
0.0020
0.0022
0.0024
0.0026
0.0028
0.0030
0.0032
0.0034
0.0036
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
R
C
M
 E
rr
o
r 
(m
m
) 
Time (s)
c
-0.016
-0.012
-0.008
-0.004
0.000
0.004
0.008
0.012
0.016
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Tr
a
c
k
in
g
 E
rr
o
r 
(m
m
) 
Time (s)
dX
Y
Z
48.00
48.20
48.40
48.60
48.80
49.00
49.20
49.40
49.60
49.80
50.00
100
110
120
130
140
150
160
170
180
190
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
M
o
n
o
c
a
rr
ie
r 
ti
lt
 (
q
7
)(
d
e
g
)
M
o
n
o
c
a
rr
ie
r 
d
is
p
la
c
e
m
e
n
t 
(q
8
)(
m
m
) 
Time (s)
aq8
q7
-1.4
-1.2
-1
-0.8
-0.6
-0.4
-0.2
0
-30
-20
-10
0
10
20
30
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
P
la
tf
o
r 
D
O
F
 β
(d
e
g
)
P
la
tf
o
rm
 D
O
F
s 
X
p
,Y
p
,Z
p
,α
,γ
(m
m
 &
 d
e
g
) 
Time (s)
b
Xp α
Yp Zp
γ β
0.000
0.005
0.010
0.015
0.020
0.025
0.030
0.035
0.040
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
R
C
M
 E
rr
o
r 
(m
m
) 
Time (s)
c
-0.5
-0.4
-0.3
-0.2
-0.1
0.1
0.2
0.3
0.4
0.5
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Tr
a
c
k
in
g
 E
rr
o
r 
(m
m
) 
Time (s)
dX
Y
Z
402
  
 
In this period, the DOF   of the parallel micromanipulator 
was involved to satisfy the necessary angular displacements of 
the instrument tip (Figure 6-b). As it is shown in Figure 6-c, 
since the parallel micropositioning robot was mainly involved 
in the trajectory tracking manipulation in the time period of 
         to          , the RCM constrain errors inside 
this time period are noticeably lower than the errors outside of 
this period. Thus, experimental results confirm the ability of 
the control algorithms in adjusting the involvement of the 
parallel robot when it is necessary (the DOF   in Figure 6-b). 
Figure 6-d shows accuracy in millimetre range appropriate for 
minimally invasive surgery operations.  
According to the Equation (1) and as it is shown in Figure 
5-b and Figure 6-b, the displacements of the DOF   of the 
parallel micropositioning robot was zero all the time. This 
verifies the effectiveness of the proposed algorithms in 
applying the tip orientation constraint in order to prevent the 
rotation of the tip around the instrument axis due to the robot 
movements. Furthermore, as the experimental results imply the 
responses of the DOFs  
 
 and  
 
 of the RPRR mechanism are 
magnificently larger than the displacements of the mobile 
platform of the parallel micromanipulator. This also proves the 
efficiency of the control algorithms in applying the 
optimisation constraint in order to maximize the involvement 
of high speed DOFs  
 
 and  
 
 when accuracy in micron range 
is not necessary. 
5 CONCLUSION 
The control algorithms of a parallel robot assisted 
minimally invasive surgery/microsurgery system (PRAMiSS) 
appropriate for both MIS and MIMS, with required 
submillimeter and submicrometer accuracies, respectively, 
were proposed in this paper. The algorithms are able to cope 
with the following characteristics of the surgery: DOFs, 
precision, and milli/micro-manipulations under the constraint 
of moving through the fixed penetration point or so-called 
RCM. Experiments for both MIS and MIMS cases were 
conducted and experimental results demonstrated high 
accuracy and performance of the proposed control algorithms 
for the proposed robotic assisted surgery system (PRAMiSS). 
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